Background: Recent data suggest that atenolol may be inferior to other antihypertensive drugs in reducing cardiovascular risk in older individuals with hypertension, despite lowering peripheral blood pressure (BP). We hypothesized that that atenolol fails to reduce central BP as much as other agents. The aim of the present study was to compare the hemodynamic effects of atenolol and eprosartan in a double-blind, randomized, cross-over study.
H
ypertension is an important risk factor for cardiovascular disease, affecting ϳ25% of the adult population. Several randomized controlled trials clearly demonstrate that modest reductions in blood pressure (BP) can significantly reduce the excess morbidity and mortality associated with hypertension. 1 A meta-analysis 2 and the recent Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT) study 3 suggest that BP lowering per se is the major determinant of cardiovascular event reduction, although some controversy and debate still remain. However, a recent metaanalysis of the early BP trials involving atenolol, either placebo-controlled or using drug comparisons, has cast doubt on the suitability of atenolol as an antihypertensive agent. 4 In the Losartan Intervention For Endpoint reduction in hypertension study (LIFE) Study, which compared atenolol and losartan in subjects with hypertension and cardiac hypertrophy, losartan appeared superior to atenolol despite similar reductions in peripheral BP, and the difference was most marked in older patients with ISH. 5, 6 Interestingly, in the Medical Research Council trial of treatment of hypertension in older adults, published some years before, atenolol was no better than placebo for preventing cardiovascular events in older hypertensive subjects, 7 despite reducing BP to a similar degree. These observations have cast doubt on the efficacy of atenolol in older hypertensive individuals.
Blood pressure varies throughout the arterial tree because of the phenomenon of wave reflection and differences in arterial stiffness. 8 In all but the oldest individuals there is amplification of systolic BP moving away from the heart, such that brachial systolic BP may be 10 to 20 mm Hg higher than aortic pressure. This difference is likely to be important because the heart and brain "see" central rather than peripheral pressure. Indeed, central pulse pressure is a better predictor of left ventricular mass 9 and carotidintima thickness 10 than peripheral pulse pressure. In patients with end-stage renal failure, central but not peripheral pulse pressure is a powerful independent predictor of cardiovascular and total mortality.
11 Importantly, the degree of pressure amplification depends on a number of factors including age, 8, 12 mean arterial pressure (MAP), 13 and heart rate. 14 We have previously demonstrated that bisoprolol reduces central BP less than other antihypertensive agents, 15 and that this is associated with an increase in plasma brain natiuretic peptide (BNP) levels, 16 a marker of left ventricular strain 17 and an independent predictor of outcome.
18
This led us to hypothesize that the results of the LIFE Study may reflect a difference in central BP, despite similar reductions in peripheral pressure between the two drugs. 16 The aim of this study was to compare directly the effects of atenolol and the angiotensin receptor antagonist eprosartan on central hemodynamic indices and measures of arterial stiffness in an older group of hypertensive individuals (Ͼ40 years of age).
Methods

Study Population
Subjects with never-treated hypertension were recruited from the hypertension clinic at Addenbrooke's Hospital in Cambridge, England. Hypertension was defined as a seated BP Ն140 or 90 mm Hg on at least three occasions separated by 1 month. Subjects with secondary hypertension, diabetes mellitus, or renal impairment (creatinine Ͼ150 mol/L) were excluded a priori. Local Research Ethics Committee approval was obtained for the study and written informed consent was given by all subjects.
Hemodynamics
Brachial (peripheral) BP was recorded in the dominant arm using a validated oscillometric method (HEM-705CP; Omron Corp., Kyoto, Japan) after 10-min seated rest. Radial artery waveforms were then recorded with a highfidelity micromanometer (SPC-301; Millar Instruments, Houston, TX) from the wrist of the dominant arm. Pulse wave analysis (SphygmoCor; AtCor Medical, Sydney, Australia) was then used to generate a corresponding central (ascending aortic) waveform using a transfer function. This transfer function has been prospectively validated for the assessment of ascending aortic BP, 19 and the system shows good repeatability of measurements. 20 Aortic augmentation index (AIx), and heart rate were determined using the integral software. Augmentation index, a measure of systemic arterial stiffness, 21 was calculated as the difference between the second and first systolic peaks, expressed as a percentage of the pulse pressure. Aortic pulse wave velocity (PWV) was measured with the subject in the supine position, using the same device by sequentially recording electrocardiographically gated carotid and femoral artery waveforms, as previously described in detail. 20 Mean arterial pressure was calculated by integration of the pressure waveform. All measurements were made in duplicate unless they differed by Ͼ5%, in which case a third reading was taken and the mean values were used in the subsequent analysis.
Biochemical Analysis
Venous blood (10 mL) was drawn from the antecubital fossa into lithium-heparin tubes and centrifuged immediately at 4°C, and the plasma was separated and stored at Ϫ80°C for subsequent analysis. The N-terminal fragment of proBNP was assayed using a commercially available immunochemiluminescence technique (Roche Diagnostics, Welling Garden City, UK) with a lower limit of detection at 3 pg/mL and coefficient of variation Ͻ6%. All samples were analyzed as a single batch.
Study Protocol
All subjects received a 2-week placebo run-in after which eligibility criteria were reconfirmed. In a double-blind, cross-over manner subjects were then randomized to 6 weeks treatment with atenolol 50 mg and 6 weeks with eprosartan 600 mg, each given once daily in the morning. Hemodynamic and biochemical measurements were made after placebo (baseline) and again at the end of each treatment phase. All measurements were made at trough (ie, immediately before that morning's scheduled dosing).
Data Analysis
Data were analyzed using repeated-measures analysis of variance and post hoc testing to determine individual drug effects. There was no order effect. Plasma N-terminal proBNP levels were significantly skewed and were logarithmically transformed before analysis. Unless otherwise stated, data are presented as means Ϯ SEM. A value of P Ͻ .05 was considered to be significant. 
Results
A total of 21 subjects were entered into the study, and all subjects completed it. Baseline data for the study subjects are presented in Table 1 .
There was a significant reduction in brachial systolic BP, diastolic BP, and MAP with both atenolol and eprosartan but no difference in the response to the drugs (Table 2) . Similarly, aortic pressure was reduced significantly by both drugs, but there was a greater reduction in aortic systolic BP with eprosartan than with atenolol. Although brachial pulse pressure fell similarly in response to both therapies, aortic pulse pressure was only reduced significantly by eprosartan. The overall effect was a significant reduction in pulse pressure amplification with atenolol but an increase with eprosartan. As expected, there was a significant reduction in heart rate with atenolol but no change with eprosartan.
Both drugs significantly reduced aortic PWV, but atenolol produced a greater effect than eprosartan. Treatment with atenolol led to a significant increase in AIx compared with the placebo phase, whereas there was a significant reduction after eprosartan. Likewise, plasma N-terminal proBNP levels rose significantly after atenolol but fell after eprosartan therapy. There was a significant correlation between N-terminal proBNP levels and the change in augmentation index on therapy (r ϭ 0.56; P Ͻ .001) (Fig. 1) . Stepwise multiple linear regression analysis was used to identify predictors of N-terminal proBNP levels on therapy. Parameters entered into the model were drugs used and changes in the following: MAP, central systolic BP, peripheral systolic and diastolic BP, heart rate, AIx, and PWV. Only the change in AIx was significantly associated with Nterminal proBNP levels (P Ͻ .001; for model, R 2 ϭ 0.52, P Ͻ .001).
Discussion
Several studies have suggested that ␤-blockers-atenolol in particular-may not reduce mortality in hypertensive subjects despite lowering peripheral BP. 4, 6, 7 We have previously demonstrated that bisoprolol reduces central systolic BP less than other antihypertensive drugs, despite similar effects on peripheral BP. 15 This led us to hypothesize that the results of the LIFE study may be caused by differences in central BP between the two treatment arms. 16 The aim of the present study was to compare the central hemodynamic effects of atenolol and the angiotensin receptor antagonist eprosartan in older individuals with hypertension. The main findings were that despite similar reductions in peripheral BP, eprosartan had a significantly AIx ϭ augmentation index; BP ϭ blood pressure; MAP ϭ mean arterial pressure; PP ϭ pulse pressure; proBNP ϭ pro-brain natriuretic peptide; PWV ϭ pulse wave velocity. Data represent means Ϯ SEM, or medians (interquartile range). Significance was determined using repeated measures ANOVA, and values in the final column represent differences between drugs. * significant change from baseline value (post placebo phase) based on post hoc testing.
greater effect on central systolic BP and pulse pressure than atenolol. Moreover, aortic PWV fell significantly more after atenolol than eprosartan, despite identical changes in MAP. In contrast, AIx and plasma N-terminal proBNP increased significantly after atenolol treatment, whereas both fell after eprosartan. Interestingly, the Nterminal proBNP levels were independently related to the change in AIx but not pressure, heart rate, or PWV. Arterial stiffness can be assessed with a variety of indices and devices. 22 However, the aortic PWV is often considered as the gold-standard measure of stiffness and independently predicts outcome in a variety of populations, including individuals with essential hypertension. 23 In the present study, although both drugs significantly reduced aortic PWV, atenolol had a greater effect than eprosartan. This was despite identical reductions in MAP, an important determinant of PWV, which suggests a greater reduction in regional aortic stiffness by atenolol. Several studies have previously demonstrated that ␤-blockers 24 -26 and angiotensin receptor antagonists 27, 28 reduce aortic PWV. Interestingly, Pannier et al. reported a greater reduction in aortic PWV with atenolol than with perindopril in subjects with essential hypertension. 25 However, interpretations of these data and our own are complicated by concomitant changes in MAP. Using local intra-arterial drug infusions and thereby avoiding changes in MAP, we have previously reported that atenolol has no direct effect on conduit artery distensibility in an ovine hind-limb model. 29 Although this may not be the situation in humans, one alternative explanation for the greater impact of atenolol on aortic stiffness is a systemic or central effect, such as a reduction in sympathetic tone, which is known to influence conduit artery function. 30 An alternative but controversial possibility [31] [32] [33] is that the reduction in heart rate with atenolol may, in part be responsible for the greater effect of atenolol on PWV.
The AIx represents the degree to which the central systolic BP is influenced by wave reflection; and it depends on the amplitude and site of wave reflection and the speed with which pressure waves travel in the arterial tree. Thus, the AIx provides a composite measure of wave reflection and systemic arterial stiffness 21 and can change independently of aortic PWV. 34 In the present study, the AIx fell after treatment with eprosartan but increased after atenolol, which is in agreement with previous, separate observations concerning angiotensin receptor antagonists and ␤ blockers. 24, 27 One obvious explanation for this difference is the differential effect of the two drugs on heart rate, as we have previously demonstrated that the AIx is confounded by changes in heart rate because of alterations in the absolute duration of systole. 35 The observed 19 -beats/min differences in heart rate between atenolol and eprostaran would be expected to lead to a difference of ϳ8% in AIx, assuming that our previous data concerning heart rate and AIx are correct. However, there was a measured difference of 12%, despite a greater reduction in PWV with atenolol, and identical changes in MAP, suggesting that there was less wave reflection after eprosartan than after atenolol therapy. Without resolving forward-and backward-moving waves, by simultaneously recording flow and pressure it is impossible to know whether atenolol reduced wave reflection, but to a smaller degree than eprosartan, whether it had no effect, or whether it increased reflection. Nonetheless, the measured AIx was actually higher after treatment with atenolol, as we and others have previously reported. 15, 24, 25, 36 We also assessed the impact of therapy on plasma N-terminal pro-BNP levels, an index of left ventricular stretch and cardiac afterload. 17 Treatment with atenolol was associated with a significant increase in pro-BNP levels, whereas levels fell after treatment with eprosartan. Interestingly, there was a significant correlation between pro-BNP levels and AIx but not with peripheral or central BP. This suggests that the rise in AIx is sensed by the myocardium and may therefore have adverse long-term consequences. Indeed, among hypertensive subjects, BNP levels correlate with left ventricular mass, 37 and BNP levels predict outcome in subjects with cardiovascular disease. 18 However, data concerning outcome in hypertensive subjects are lacking as yet.
Central systolic and pulse pressure fell less after treatment with atenolol than with eprosartan, despite similar reductions in peripheral pressures and identical reductions in MAP. The net effect was a fall in pulse pressure amplification with atenolol but an increase with eprosartan. Again, we have previously demonstrated that pulse pressure amplification is dependent on heart rate, 14 and the difference in heart rate between the two drugs is one obvious explanation for these observations. As heart rate falls, amplification is reduced because of a rise in AIx, and a relatively greater impact of the reflected pressure wave on the central systolic BP. In contrast, the brachial artery systolic BP is unaffected by wave reflection from the rest of the body, because the composite reflected wave reaches the brachial artery mainly in diastole in all but the oldest individuals and thus does not augment or enhance peripheral systolic BP.
The importance of central systolic and pulse pressure has previously been highlighted, 11 and the present study re-emphasizes that brachial pressure is not always a reliable predictor of central values, especially during pharmacologic intervention. Whether such differences translate into outcome remains to be proved. However, epidemiologic data indicate that a 20 -mm Hg higher peripheral systolic BP doubles the risk for stroke, 1 suggesting that the 5-mm Hg difference in central systolic BP in the present study may be clinically important.
In summary, despite similar reductions in peripheral BP, atenolol reduced central systolic BP less than eprosartan. Both drugs reduced aortic stiffness, but only eprosartan reduced wave reflection. These observations offer one potential explanation for the failure of atenolol to improve outcome in older patients with essential hypertension-namely, that atenolol fails to reduce central BP as much as other antihypertensive drugs because of increased wave reflection. This may also help to explain the results of the LIFE Study, in which atenolol was found to be inferior to losartan. However, further studies are clearly required to relate changes in central hemodynamic parameters and aortic stiffness to outcome in hypertensive patients. Interestingly, the Anglo Scandinavian Cardiac Outcomes Trial (ASCOT) Study included such measurements in a subset of patients and may help to address this issue.
